For the first time for a ZnGeP 2 crystal, the three-wave interaction of picosecond pulses was considered as the difference frequency generation. The group velocities and absorption of radiation were taken into account in performing a spectral analysis. The calculations of a radiation pulse were made for the following parameters of a CO 2 laser: 100-1.25 ps and 15-1100 GW cm −2 . At the 804.5 µm wavelength of difference frequency, the spectral characteristics have been obtained and the pulse power has been found as a function of crystal length. The half-cycle pulse generation is possible at a particular crystal length.
Introduction
We have proposed to generate high-power half-cycle pulse by means of the difference frequency generation (DFG) using CO 2 laser pulses with the duration 100 ps, ZnGeP 2 nonlinear crystal, and laser semiconductor switching (both reflection and absorption) in order to shorten the submillimetre pulse down to half cycle [1] . In works [2, 3] , we used DFG spectral analysis for AgGaSe 2 and AgGa 1−x In x Se 2 crystals and presented the calculated values of efficiency and picosecond-range pulse duration for the 800 µm wave. We have shown that the generation of half-cycle pulses is impossible in these crystals without additional shortening of a submillimetre pulse.
A ZnGeP 2 crystal differs from the above-mentioned crystals in that it has higher laser-induced surface-damage threshold, twice-greater nonlinearity and smaller absorption in submillimetre range. Note that picosecond [4] and femtosecond [5] parametric generation has been successfully realized in a ZnGeP 2 crystal. Now we present the results on three-wave interaction in a ZnGeP 2 crystal for laser pulse duration 100 ps. DFG spectral analysis was made with the allowance for the group velocities and absorption of radiation. Formulae, figures and tables presented show the calculation results. We show that half-cycle pulse generation is possible at a particular crystal length.
Nonstationary optical mixing
We consider a plane-wave mixing of laser fields with the frequencies ω 2 , ω 3 and the absoption coefficients δ 2 , δ 3 in crystal. It is supposed that the phase-matching conditions are fulfilled: k 3e − k 2o = k 1o . For ultra-short laser pulses, the process of DFG is described by the well-known equation [6] :
where 
here,
and is frequency. We considered the case of exponential laser pulses with the duration τ 2, 3 . To these pulses the Fourier spectrum corresponds with Lorentz form, i.e.
where the half-width of the spectrum is ω j = 1/τ 2, 3 . Then, the spectral density of the difference frequency
where the length of pulses mismatch is L jk = 1/ν jk ω k and the inverse group-velocity mismatch is
The normalized spectral density of the difference frequency is defined from (3) by the expression
Group velocities are calculated by using the refractive index approximation for ZnGeP 2 in both infrared [6] and submillimetre [7] ranges. In our model, the following input parameters were used: the square of laser beam cross section is 1 cm 2 and the crystal length is z 1.0 cm. The rest of the parameters are given in table 1. Figure 1 presents the absorption spectra of ZnGeP 2 crystals manufactured by Institute for Optical Monitoring SD RAS. The absorption coefficients with an error 0.02 cm
were obtained from the transmission measurements made by spectrometer 'Specord'. Submillimetre absorption data [7] were also used for the calculation model. The three-frequency combination was chosen with a minimum absorption coefficient sum δ (table 1). In addition, the wavelength 804.50 µm was chosen because the 'cycle' duration of laser pulses (∼2.5 ps) has already been obtained in multiatmosphere CO 2 laser [8] .
Spectra (3) and (4) 
are simultaneously fulfilled, then we have a quasi-static regime of frequencies mixing and from (4) obtain S 1N ( , z) = S q1 ( ). Therefore, half-width of DFG spectrum is ω qs 1 = ω = ω 2 + ω 3 and submillimetre pulse duration should be half as long as that of the laser pulse (if ω 2 = ω 3 ).
In the case of a ZnGeP 2 sample, condition (5) may be fulfilled when laser pulses are not separated, but the second condition (6) is fulfilled only for the pulse duration τ 2,3 50 ps (see table 2 ). Thus, for τ 2, 3 50 ps a nonstationary regime occurs and DFG spectrum is described by (3) and (4) . Then the half-width is ω
From DFG spectra plotted relative to the selected carrier we determined the half-width parameter ω ns 1 /2πc for the selected laser duration parameters (table 2). Figure 2 shows the 12.5 cm −1 carrier spectra for different values of laser pulse duration. Comparison of quasi-static and nonstationary halfwidth values shows that the coefficient G( ω 2 ) < 1 except for 100 and 50 ps pulses. Data from table 2 show that after nonstationary mixing the submillimetre pulse is shorter than the laser pulses when the latter vary from 100 ps down to 25 ps. However, a conversion of shorter laser pulses results in submillimetre pulse extension and obtaining these duration pulses becomes complicated. Evidently it would be difficult to get half-cycle pulse by means of ZnGeP 2 crystal without additional shortening of the submillimetre pulse if we use a 1.0 cm long crystal.
If we reduce the crystal length, then for the 2.5 ps laser pulses it is possible to make G( ω 2 ) close to 1 and to obtain Pulse generation in ZnGeP 2 crystal Ω/(2πc) (cm half-cycle pulse duration. Figure 3 shows DFG spectra for different crystal length. It was found that for the crystal of the length 2 mm, we have G( ω 2 ) = 0.94 and the pulse duration is τ 1 = 1.33 ps. Note that this value τ 1 is less than half-cycle pulse duration by 11 fs. It is a good idea to shorten laser pulses, because the radiation intensity at crystal face can be increased under the condition that the pumping remains lower than the laser- induced damage threshold [6] . For pulse energy the following formula is known:
where 'ρ' is radius of radiation beam. Therefore, by integrating equation (3) over frequency, we obtain the following expression for DFG radiation efficiency:
where,
and pulse power is P j = W j ω j . From data on laser damage threshold [6] we extrapolated the dependence of extreme intensity on laser pulse duration to picosecond range. The extrapolation data were reduced twice and then used for calculating the efficiency. The dependence used is described by a function P th = B/(τ 2, 3 ) 0.98 , where B is a coefficient. 
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DFG efficiency was calculated for the parameters given above and for the total laser intensity P 2 + P 3 varying from 15 to 1100 GW cm −2 (we assume q = 2). Calculation results are presented in figure 4 and table 3. For laser pulses at τ 2, 3 5 ps and crystal length exceeding L 13 , the efficiency is lower than that for longer pulses. For 1 cm long crystal, the calculated efficiency is maximum (η max = 0.011) at laser pulse duration 2.5 ps. Maximum power of submillimetre pulse P 1 max corresponds to the 1.25 ps laser pulses with maximum intensity. In addition, the calculation results are presented for 2 mm crystal in table 3. It is seen that 2.5 ps laser pulses can generate half-cycle pulse with power 990 MW. It is interesting that maximum efficiency corresponds to the 1.25 ps pulse because this crystal length is less than L 13 (see table 2 ).
These results allow one to plan obtaining of DFG radiation with pulse power up to 9.7 GW depending on the total laser pulse intensity and the crystal length. At the crystal length ∼2 mm, it is possible to generate half-cycle radiation pulse with power about 1 GW.
Conclusion
Nonstationary mixing of picosecond pulses was investigated for difference frequency generation in ZnGeP 2 crystal.
Calculations were made for the following parameters of CO 2 laser radiation: 100, 50, 25, 10, 5, 2.5, 1.25 ps and correspondingly 15, 30, 60, 150, 280, 550, 1100 GW cm −2 . Spectral characteristics and pulse power versus crystal length are presented for the difference frequency wavelength of 804.50 µm. Both, DFG efficiency and pulse power limitation are determined by the laser damage threshold. It was found that pulse of half-cycle duration can be obtained if one uses the crystal of the length about 2 mm. Calculation results are comparable to numerical values obtained for 100 ps pulse in ZnGeP 2 crystal [1] and for shorter pulses in other crystals [2, 3] and allow one to plan higher power generation for both halfcycle pulse (∼1 GW) and longer pulses (up to 9.7 GW). It is necessary to note that CO 2 lasers generating similar short and high power pulses were already realized by [8, 9] .
